
Research Article Open Access

Special Issue 4 • 2011
J Membra Sci Technol
ISSN:2155-9589 JMST an open access journal

Open AccessResearch Article

Fernández et al. J Membra Sci Technol 2011, S:4 
DOI: 10.4172/2155-9589.S4-001

Introduction
Ionic liquids are compounds that consist exclusively of ions, and 

have melting points below 100°C [1]. Only few industrial applications 
that use ionic liquids are known to public [2], but studies about their 
potential uses grow exponentially every year. Up to date, no references 
have been found for industrial applications using ionic liquids in which 
recovery and/or removal processes are taking place. All those industrial 
applications with commercial relevance reuse the ionic liquid regularly 
and seem to be waste-free [3].

This situation could indicate that there are still some unsolved 
problems related with handling wastes containing ionic liquids. If the 
process generates such wastes, the operation costs for make-up of ionic 
liquid should be considered, as well as the environmental acceptability 
of the waste in terms of (eco)toxicity and biodegradability. However, 
these and other issues of importance for the lifecycle of ionic liquids 
have been commonly neglected [4], and the majority of ionic liquids 
actually used are considered to be low or not environmental compatible 
[5].

Processes such as the dissolution and regeneration of cellulose 
or the biocatalytic production of chiral alcohols can be classified as 
potential applications of ionic liquids which are close to production 
scale, but before it happens they must achieve a high lifetime of the 
ionic liquids used. Thus methods are needed either to keep track of 
by-product formation and impurity accumulation, or to recover ionic 
liquid from wastewater [6-8].

Ionic liquids can be used as non-derivatizing solvents for cellulose 
[9]. Under shear strain, temperature and vacuum, the cellulose-
ionic liquid suspension is transformed into a homogeneous, nearly 
water free solution, which is shaped into fibers or foils. Stabilizers 
like sodium hydroxide and propyl gallate are added to prevent 
cellulose degradation. The regeneration is achieved by precipitation 
in an aqueous spinning bath, which dissolves completely the ionic 
liquid [10]. By using hydrophilic ionic liquids containing 1-butyl-3-
methylimidazolium (IM14) or 1-ethyl-3-methylimidazolium (IM12) 
cations, either with chloride (Cl) or acetate (1COO) anions, is possible 
to prepare solutions with cellulose concentrations exhibiting highly 
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technical importance [11]. The fibers obtained are very similar to 
those obtained by the Lyocell process, but presently the recovery of the 
ionic liquid is more energy-consuming due to the required complete 
removal of water by evaporation [12]. Additionally, it is expected that 
side reactions (chromophores formation, cellulose degradation and 
increased consumption of stabilizers) also take place [13,14]. 

Industrial processes for the production of optical active secondary 
alcohols employing alcohol dehydrogenase (ADH) enzymes are 
widely used [15]. Several studies have demonstrated that a biphasic 
ionic liquid–water system can improve the asymmetric reduction 
of ketones in comparison to conventional aqueous systems [16]. 
Hydrophobic ionic liquids containing the bis(trifluoromethylsulfonyl) 
amide anion, (CF3SO2)2N, have been successfully tested, either using 
isolated enzymes [17,18] or whole cells [19-21]. In both cases, the 
cofactor regeneration should be carried out parallel to the conversion 
of substrate to product and it could be achieved using an auxiliary co-
substrate (2-propanol, sodium formate or glucose) that is oxidized by 
a second enzyme or even by the same enzyme used for the reaction 
[17,22]. The recycling of the ionic liquid phase over 25 process cycles, 
without losing productivity and/or degradation of the ionic liquid, 
was recently reported [23]. However, even though the hydrophobic 
ionic liquids exhibit low water solubility, their losses in the exhausted 
aqueous phase can be considerable, and the associated economical and 
environmental impacts should be taken into account [24].

Abstract
In this study, the possibility to recover ionic liquids from their respective wastewater by nanofiltration was tested in 

two case studies. The experiments were performed using a commercial dead-end stirred cell and/or a cross-flow cell 
especially developed for this purpose. Hydrophilic ionic liquids are being presently used for the dissolution of cellulose 
and its further regeneration by water addition. Wastewater containing a mixture of 1-butyl-3-methylimidazolium 
chloride (IM14 Cl) and 1-butyl-3-methylimidazolium acetate (IM14 1COO) was treated by nanofiltration and the 
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biotransformations. Wastewater containing hydrophobic ionic liquids derived from the conversion of 2-octanone to 
2-octanol was also tested, and the ionic liquids used can be recovered as a separate phase by concentrating them 
beyond the solubility limit. The effect of other wastewater components on the recovery was also investigated with 
the ionic liquid 1-hexyl-3-methylimidazolium bis (trifluoromethylsulfonyl) amide, IM16 (CF3SO2)2N. Furthermore, 
using model solutions of 1-hexyl-1-methylpyrrolidinium bis (trifluoromethylsulfonyl) amide, Pyr16 (CF3SO2)2N, it 
could be evidenced that the formation of a new phase of ionic liquid during the concentration process follows a 
nucleation-growth mechanism. In this case, up to 69% of the ionic liquid originally present in the feed was separated. 
Additionally, the effective recovery rate was duplicated up to 33% by using a coalescence filter. Some suggestions 
to increase both theoretical and effective recovery rates are also discussed. 
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The simplest method to remove water from an ionic liquid would 
be evaporation, but the high energy costs associated with evaporating 
water from a solution of ionic liquid makes this method impractical [25]. 
At the present, only few studies have been focused on the separation of 
aqueous solutions containing ionic liquids. Some of them considered 
salting-out processes using electrolytes [26-30], carbohydrates [31-33] 
and carbon dioxide [34,35]. However, nanofiltration appears also to 
be a suitable method due to the ionic nature of these compounds [36]. 

Nanofiltration membranes can be chosen to retain the ionic liquid, 
if the aim is to concentrate it; or to allow the selective separation of the 
ionic liquid from other components present in solution, if the aim is to 
obtain an ionic liquid free from undesired compounds. Studies related 
to the separation of hydrophilic ionic liquids from aqueous solution 
have been already published; either by using single ionic liquids 
[36,37] or mixtures containing an ionic liquid and a second compound 
[36,38,39]. However, to the best of our knowledge, there are no earlier 
references about the use of nanofiltration for the concentration of 
aqueous solutions of hydrophobic ionic liquids. 

In this study, the first experiments to recover ionic liquids from 
real wastewater by nanofiltration have been carried out using samples 
from the applications described above. Additionally, the recovery of 
hydrophobic ionic liquids was studied in detail by using synthetic 
aqueous solutions. 

Experimental
Materials

All wastewaters were used as received, after having stabilized the 
temperature at 298K for one day. The wastewater from the dissolution 
of cellulose comprised an aqueous mixture (about 85:15) of 1-butyl-
3-methylimidazolium chloride (IM14 Cl, MW = 174.67 g/mol) and 
1-butyl-3-methylimidazolium acetate (IM14 1COO, MW = 198.26 g/
mol), with a content of ionic liquid around 18-20%, and exhibiting a 
dark gold colour. It was provided by the Thuringian Institute of Textile 
and Plastic Research (TITK, Germany).

Two reaction mixtures from the reduction of 2-octanone catalyzed 
by the Lactobacillus brevis alcohol dehydrogenase (LB-ADH), 
containing 1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)
amide (IM16 (CF3SO2)2N, MW = 447.42 g/mol) and 1-butyl-1-
methylpyrrolidinium bis(trifluoromethylsulfonyl)amide (Pyr14 
(CF3SO2)2N, MW = 422.41 g/mol), were provided by Julich Chiral 
Solutions (now Codexis, USA). These mixtures contained initially 
30% v/v of ionic liquid, 1 M 2-octanone, 20 U/mL LB-ADH and 1 mM 
NADP in 0.2 M phosphate buffer (pH = 7.0). Conversion of 2-octanone 
to 2-octanol was reported around 60% for the ionic liquid based on the 
Pyr14 cation, while more than 90% conversion was reported for that 
based on the IM16 cation. The differences are related with the cofactor 
regeneration method used: in the first case 2-propanol was oxidized 
to acetone, while in the second case glucose was oxidized by means of 
glucose dehydrogenase (GDH). After reaction, the ionic liquid phase 
was completely separated by sedimentation after 5 hours. 

The aqueous phase from whole-cell biotransformation of 
2-octanone into 2-octanol, contained initially 20% v/v of 1-hexyl-
1-methylpyrrolidinium bis(trifluoromethylsulfonyl)amide (Pyr16 
(CF3SO2)2N, MW = 450.46 g/mol), 0.3 M 2-octanone, 50 g/L dry 
biomass and 1 M sodium formate in 0.5 M phosphate buffer (pH = 
6.5). The biomass contained an Escherichia coli strain able to produce 
the Lactobacillus brevis alcohol dehydrogenase (LB-ADH) and the 
Candida boidinii formate dehydrogenase (CB-FDH) for the cofactor 

regeneration. After reaction (conversion around 80-90%), the ionic 
liquid was separated by centrifugation from cells and aqueous phase. 
This sample was provided by the Institute of Biochemical Engineering, 
Technical University Munich (TUM, Germany)

For synthetic solutions, two ionic liquids (Merck KGaA) were 
used as received: IM16 (CF3SO2)2N and Pyr16 (CF3SO2)2N. To 
reduce the influence of additional ions, deionised water with an electric 
conductivity lower than 2 μS/cm was used to prepare such solutions. 
Finally, three commercially available nanofiltration membranes were 
employed: FilmTec NF-90 and FimTec NF-270 (Dow Chemical, USA), 
and Desal DK (GE Osmonics, USA). 

Dead-end nanofiltration experiments

For the experiments, a stirred dead-end cell HP4750 (Sterlitech 
Corporation, USA) with a membrane active area of 13.9 cm2 was 
used. The cell consists in three major components: the cell body with 
removable top and bottom parts, the stir bar assembly and standard 
couplings. In addition, a magnetic stirrer (230VAC, 50Hz) was used 
and nitrogen with purity 5.0 (Linde AG, Germany) was selected as 
source of gas pressure. 

Membranes were placed in deionised water for two days before use 
to assure complete swelling. Each swollen membrane was conditioned 
with deionised water by increasing pressure progressively until a 
pressure of 40 bar was reached. After that, the desired amount of feed 
(100-150 mL at 25°C) was filled in the cell, the pressure difference 
was fixed at 35 bar and permeate was removed continuously until the 
desired ratio permeate volume to feed volume (process recovery) was 
reached. The time required to obtain different volumes was measured, 
in order to calculate permeate fluxes. Samples of feed, retentate and 
cumulated permeate were taken for later analysis and used to calculate 
retention (R) and ionic liquid recovery (Rec), as follows:

p

F

C
R=1-

C 					                    
(1)

where

R: Retention, rejection (-)

CF: Concentration of ionic liquid in feed (g/L)

CP: Concentration of ionic liquid in permeate (g/L)

F F P P R R

F F

Q C Q C Q CRec
Q C

⋅ − ⋅ − ⋅
=

⋅
	     		                 (2)

where:

Rec: Recovery of ionic liquid (total) (-)

QF: Volume of feed (L)

QP: Volume of permeate (L)

QR: Volume of retentate (L)

CR: Concentration of ionic liquid in retentate (g/L)

Cross-flow nanofiltration experiments

Experiments were carried out using a laboratory scale-test cell 
developed and constructed at the University of Bremen (Figure 1). The 
membrane active area is equal to 270 cm2, distributed in two identical 
modules connected in series. The use of a spacer in the feed channel 
and a high cross flow velocity of 0.5 m/s (45 L/h) should create enough 
turbulence to reduce concentration polarization effects.

The equipment was designed for the batch filtration of 5 liter feed. 
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The tank was made of Plexiglas to observe feed appearance changes. 
The equipment has a plunger pump (Speck Triplex, Germany) with 
a maximal pressure of 140 bar, maximal output of 4 L/min and 
stainless steel valve casings and wetted parts. The temperature of the 
solution in the system was maintained at 25 ± 0.01°C, by using a plate 
heat exchanger (FeRo, Germany) coupled with a thermostat (Lauda, 
Germany). The feed pressure and the feed flow rate were adjusted by 
needle valves. An oval gear-wheel flowmeter (Profimess, Germany) 
with an operating range of 14-80 L/h was used. The pipelines (1/4” 
for feed and retentate, and 1/8” for permeate), the coalescence filter 
housing, the particle filter, the manometers (0-60 bar), and all valves 
and fittings used are Swagelok parts (Best Fluidsysteme, Germany). 
For the coalescence filter housing a filter element (MTS Filtertechnik, 
Germany) of stainless steel was also used. 

Swollen membrane pieces were placed in the modules and 
conditioned progressively with deionised water. This conditioning 
process comprises five different pressure levels (between 0 and 35 bar), 
and pressure was kept 30 minutes for each pressure level, except for the 
last one (45 minutes). After that the deionised water was completely 
discharged and the solution of ionic liquid was filled in the tank. The 
system was operated at 35 bar during 30 minutes in the full recirculation 
mode, while both retentate and permeate were continuously returned 
to the feed tank. After that, the concentration process started under 
the following operation parameters: 25°C, 35 bar and 0.5 m/s. A feed 
sample for analysis was taken direct from the feed tank before starting to 
collect permeate, which was collected step-by-step in bottles (250 mL) 
until a process recovery around 50% was reached. For each permeate 

sample, the collecting time was measured and the exact volume was 
later determined with a graduated cylinder. For each bottle of permeate 
a sample was taken for analysis. The retentate was collected in a separate 
bottle and a sample for analysis was also taken after two days settling. 
After rinsing the filtration equipment with deionised water, ionic liquid 
were also determined in the rinsing water. That means that the effective 
recovery of ionic liquid must be calculated, as follows:

F F P P R R RW RW

F F

Q C Q C Q C Q CRec -eff - lab
Q C

⋅ − ⋅ − ⋅ − ⋅
=

⋅
        	              (3)

where:

Rec-eff-lab: Effective recovery of ionic liquid at lab scale (-)

QRW: Volume of rinsing water (L)

CRW: Concentration of ionic liquid in rinsing water (g/L)

Analytical methods

The ion-chromatography (IC) measurements to determine 
concentrations of ionic liquid were carried out using a Metrohm 881 
Compact IC system (Metrohm, Switzerland). It is equipped with an 
online eluent degasser, a 20 μL injection loop and a conductimetric 
detector maintained at 30°C. All chromatographic data were recorded 
by the MagICNet 1.1 compact software. All measurements were done 
as duplicate and several dilutions factors were used. 

For cation separations a C4 ion exchange column (50 x 4.0 mm ID 
and 5 μm mean particle size) coupled with C4 Guard and RP Guard was 
used. A flow rate of 0.9 mL/min of eluent (2 mM HNO3, 30% CH3CN) 
was applied. For the determination of anions an A Supp ion exchange 
column (50 x 4.0 mm ID and 5 μm mean particle size) coupled with A 
Supp 4/5 Guard and RP Guard was used. A flow rate of 0.7 mL/min 
of eluent (3.2 mM Na2CO3, 2 mM NaHCO3, 35% CH3CN or 1 mM 
NaHCO3, 3.9 mM H3PO4, 30% CH3CN) was applied.

By using synthetic solutions of ionic liquids, independent IC-
measurements of cation and anion for different samples were also 
carried. No matter which specie was determined, both concentrations 
were almost the same, verifying that no ion exchange occurs during the 
filtration process (the risk was minimized using deionised water), but 
also simplifying the analytic work.

Electrical conductivity was measured with an inoLab Cond-Level-
2-Meter using an epoxy TetraCon 325 probe (WTW GmbH, Germany). 
The temperature was kept constant at 25°C with a thermostat (Lauda, 
Germany). All measurements were done as duplicate. An estimation of 
the content of cellulose degradation by-products was obtained using 
the anthrone method, applied for the colorimetric determination of 
carbohydrates [40]. Th e concentration of ionic liquids in wastewaters 
from cellulose dissolution was determined directly by the supplier 
using its own calibration curves for refractive index versus ionic liquid 
content, method already established for such a task [41].

Results and Discussion
Recovery of hydrophilic ionic liquids from wastewater

Ionic liquids used for the dissolution and regeneration of cellulose 
are highly water soluble (> 1000 g/L), which constitutes a challenge 
during their recovery from aqueous solutions. Furthermore, after the 
regeneration of cellulose by adding water to the mixture cellulose-ionic 
liquid a colored wastewater is obtained, indicating that compounds 
such as stabilizers and by-products are present. They could be able to 
disturb a further cellulose dissolution step if they are not previously 

Figure 1: Schematic diagram of the equipment using a cross-flow cell used 
in this study.

Figure 2: Visual differences between the retentate and permeate samples 
compared to the feed sample before a single step nanofiltration process using 
the NF-270 membrane. The wastewater contained a mixture of IM14 Cl and 
IM14 1COO. The compounds responsible for color were mostly retained by 
the membrane.
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separated from the ionic liquid. Thus, the first target of the recovery 
scheme by nanofiltration is to purify the wastewater by reducing 
the content of such disturbing compounds. The membrane FilmTec 
NF-270 was selected for this task in order to test the feasibility of the 
separation. 

After a single filtration step in the dead-end cell, 70% of the feed was 
recovered as permeate (VP/VF = 70%). It was possible to appreciate the 
magnitude of the separation by visual differences between the colors 
of the resulting streams: the retentate exhibited a caramel color, while 
permeate was colorless (Figure 2). That means that chromophores 
formed as condensation products of carbohydrates upon thermal, 
acidic or basic treatment [42] and those formed from propyl gallate as a 
radical trap [43] can be retained successfully by the membrane, despite 
they are present in ppm and ppb concentration ranges [44].

Moreover, it is known that solutions of cellulose in 1-alkyl-3-
methylimidazolium ionic liquids, both the ionic liquid and the cellulose 
are not inert [45]. Then a high complexity of the wastewater matrix 
from the regeneration bath is expected and the problems related to the 
separation of ionic liquid and sugar products from water have first to 
be faced and solved [46]. Consequently, it was not possible to isolate 
the ionic liquid and thus quantify its concentration due the clogging of 
the ion chromatography columns even for very high dilution factors. 
Then, indirect measurements were conducted in order to quantify the 
extent of the separation. Conductivity measurements were 49 mS/cm 
for retentate, 47 mS/cm for feed and 45 mS/cm for permeate. With 
help of refraction index measurements, it could be determined that the 
concentration of the ionic liquid in permeate is around 15%, compared 
to the original 19% in feed.  On the other hand, the content of cellulose 
degradation by-products determined by the anthrone method was 
52 mg/L in retentate, 28 mg/L in feed and 18 mg/L in permeate, 
respectively. These results indicate that the the membrane employed 
is more selective for the by-products of cellulose degradation (36% 
retention), but the separation of the ionic liquid is not favored (21% 
retention), which can be associated with the low molecular weight of 
the ionic liquids used

After a single filtration step, the ionic liquid from permeate has still 
a content of cellulose degradation by-products too high to be directly 
reused in the cellulose dissolution process. Then, a further treatment of 
the permeate sample was conducted by filtering it two more times using 
the NF-270 membrane in the dead-end cell. The normalized permeate 
flux increases as a function of the feed recovery rate (that is, the ratio of 
permeate volume to feed volume) with increasing number of filtration 
steps (Figure 3). During the first step, the concentration of by-products 
in the retentate stream leads to a pronounced decrease in the permeate 
flux, but after their progressively separation as part of the retentate 
sample, the reduction of the permeate flux is less pronounced during 
the second step and remains almost constant after three filtration steps. 

By measuring the refractive index of the permeate sample from the 
third step a concentration value of 15% of ionic liquid was obtained. 
Consequently, the retention remains the same than that obtained in 
a single step process (21%), but the recovery of ionic liquid decreases 
from 55% to 27% due to the reduction of permeate volume obtained 
after three filtration steps. However, although the recovery rate of ionic 
liquid could be actually considered low for practical purposes, it was 
possible to remove the undesired compounds. 

Further research must be oriented into find more selective 
membranes which can be used in a two stage filtration process: the 
membrane used at the first stage has to be able to retain most of the 

degradation by-products but not the ionic liquid, in order to purify it. 
The second membrane must retain most of the ionic liquid in order to 
concentrate it at a great extent before evaporation. Finally, the purified 
ionic liquid could be then reused for a further cellulose dissolution 
process. 

Recovery of hydrophobic ionic liquids from wastewater

Ionic liquids which are poorly water soluble (< 5 g/L) can serve 
as a co-solvent for biotransformations that involve hydrophobic 
compounds. After separation of the ionic liquid phase used as co-
solvent, a wastewater containing the ionic liquid at its saturation level 

Figure 3: Decrease of the normalized permeate flux with increasing feed 
recovery rate (VP/VF) for three successive nanofiltration steps in a dead-end 
stirred cell (25°C, 35 bar) using the NF-270 membrane. Permeate from the 
first step was used as feed for the second step, while permeate from second 
step was used as feed for the third step. The wastewater contained a mixture 
of IM14 Cl and IM14 1COO.

Figure 4: Decrease of the normalized permeate flux with increased recovery 
rate for three hydrophobic ionic liquids in a dead-end stirred cell (25°C, 35 bar). 
Wastewater samples containing IM16 (CF3SO2)2N and Pyr14 (CF3SO2)2N 
were filtered using the Desal DK membrane, while the wastewater sample 
containing Pyr16 (CF3SO2)2N was filtered using the NF-270 membrane.
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(e.g. 1.82 kg of IM16 (CF3SO2)2N per m3 reaction batch) remains. In 
order to recovery these ionic liquid residues, the target is to concentrate 
continuously the wastewater in order to promote the formation of a 
second phase of pure ionic liquid, which can be easily separated by 
well-established phase separation methods. In this case, a membrane 
with high retention for the ionic liquid is required. 

In a first trial, the membrane FilmTec NF-90 was selected, because 
it showed high retention for several ionic liquids (> 99%) in previous 
tests [47]. However, no permeate was obtained by the filtration at 35 bar 
of a wastewater containing Pyr16 (CF3SO2)2N, while a permeate flux 
of only 3.5 L/m2h, was obtained for the wastewater containing IM16 
(CF3SO2)2N, at the same pressure difference. Then, a high retention for 
the ionic liquid has to be coupled to a reasonable permeate flux. Based 
on these results, the membrane Desal DK was used for the wastewaters 
from enzymatic biotransformations, while for the wastewater from 
whole-cell biotransformation, the membrane FilmTec NF-270 was 
selected. In all cases, a pronounced reduction of the permeate flux 
during the concentration process was observed, especially in the case 
of Pyr16 (CF3SO2)2N (Figure 4). 

From these results it can be concluded that the presence of 
cellular material in wastewater from whole-cell biotransformations 
(although most of the cells were previously removed by centrifugation) 
contributes to the clogging of the membranes and reduce strongly 
the permeate flux. Despite the wastewaters from enzymatic 
biotransformations could be considered cleaner than those derived 
from whole-cell biotransformations due to the absence of cellular 
material, the presence of other components in the mixture (residual 
2-octanol and 2-octanone, buffer and/or enzymes) has still an influence 
on the quantity of permeate obtained. The most part of these undesired 
materials must be previously removed by micro- or ultrafiltration 
before any nanofiltration stage. Microfiltration membranes are applied 
for the separation of whole cells, while ultrafiltration membranes have 
to be used to retain enzymes [48,49]. 

Furthermore, during the filtration process the concentration of 
ionic liquid in retentate goes beyond the solubility of the ionic liquid 
and the excess of ionic liquid can be expected to leave the solution as 

a second phase, according to a more stable thermodynamically state. 
For both IM16 (CF3SO2)2N and Pyr14 (CF3SO2)2N, it was possible to 
observe in the retentate small drops of a second liquid phase. However, 
in the case of Pyr16 (CF3SO2)2N it was not possible to observe such a 
second phase, presumably to the low feed recovery rate achieved (VP/
VF  = 50%). 

In order to establish the effect of the mixture components a second 
experiment using an aqueous solution of IM16 (CF3SO2)2N was 
conducted (Table 1). 

As expected, higher values were obtained for permeate flux and 
retention by using the aqueous solution of ionic liquid, leading also 
to a higher recovery of ionic liquid (almost 76%). Although the mean 
permeate flux is higher in the case of the model solution as in the case of 
the wastewater, its decrease is more remarkable when a model solution 
of IM16 (CF3SO2)2N was used (Figure 5). 

Such behavior can be explained by the increasing osmotic pressure, 
which can be limiting especially for high concentrations of ionic liquid 
[39]. For a given process recovery value (VP/VF), higher concentrations 
of ionic liquid can be achieved with the model solution, because the 
retention is considerably higher (95.2%) compared to the retention 
achieved by filtering the wastewater (63.1%).  

However, in the case of the wastewater, around 50% of the ionic 
liquid originally dissolved in the wastewater can be forced to produce 
a second phase. As a consequence, the recovery of hydrophobic ionic 
liquids from synthetic solutions was later studied in laboratory scale 
using the cross-flow equipment especially developed for such a task.

Recovery of hydrophobic ionic liquids from synthetic 
solutions

From membrane screening tests using ionic liquid aqueous 
solutions, it was found that the NF-270 membrane provides the highest 
permeate fluxes (more than twice the values obtained for the Desal-DK 
membrane), no matter the ionic liquid employed. The retention values 
are similar (95% for IM16 and 97% for Pyr16, respectively), which can 
be explained due to the similarity on their molecular weights. Because 
the water solubility for both ionic liquids containing the (CF3SO2)2N 
anion is almost the same (around 2.0 g/L) the Pyr16 (CF3SO2)2N ionic 
liquid was selected for the tests in the cross-flow cell, due to its low 
toxicity in all the toxicity tests comprising the UFT test battery [50]. 

The progress of the concentration process for a model solution 
containing the Pyr16 (CF3SO2)2N ionic liquid is shown, when no 
coalescence filter was used (First column, Table 2). At the saturation 
point a clear feed solution was observed in the feed collector tank (VP/
VF = 0%), but the liquid becomes cloudier as the concentration process 
proceeds. This indicates that the second phase locally formed inside 
the modules remains dispersed due to agitation caused by continuous 
flow. The higher the process recovery, cloudier becomes the liquid in 
the feed tank. After collecting 50% of the original feed as permeate, a 

Figure 5: Decrease of the normalized permeate flux with increased recovery 
rate for solutions containing IM16 (CF3SO2)2N in a dead-end stirred cell (25°C, 
35 bar) by using the Desal DK membrane. Increasing osmotic pressure and 
other mixture components are responsible for the reduction in permeate flux.

Parameter Wastewater Model solution
Feed concentration, CF (g/L) 1.826 1.838
Mean permeate flux, JPm (L/m2h) 22.2 33.1
Retention, R (%) 63.1 95.2
Ionic liquid Recovery, Rec (%) 50.5 75.6

Table 1: Effect of wastewater components on nanofiltration performance and ionic 
liquid recovery for IM16 (CF3SO2)2N. Experiments were carried out using a dead-
end stirred cell (25°C, 35 bar, 80% feed recovered as permeate) and the Desal DK 
membrane was used.
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very cloudy retentate was obtained, which after sedimentation at room 
temperature (2 days) became clear and many droplets of ionic liquid 
could be observed at the bottom of the bottle. 

However, after removing the retentate stream and proceed to 
clean the equipment with about 4 liter pure water, it was found that 
the rinsing water contained an elevated concentration of ionic liquid, 
around 1.40–1.50 g/L. This finding indicates that some ionic liquid is 
coalescing and thus collecting inside the filtration equipment; especially 
at the pump, because it represents the deepest point of the system. In 
order to reduce this undesired effect, a coalescence filter was installed 
between the outlet of the second filtration module and the feed tank. 
It facilitates the coalescence of the drops as soon as they are formed 
inside the modules and allow collecting them at the feed tank. In this 
case, a completely different behaviour inside the feed tank during 
the concentration experiment was observed, compared to the results 
obtained without using the coalescence filter (Second column, Table 2). 

Without the coalescence filter, no emulsion was observed at a 
recovery rate of 0%; while two different zones were appreciated by using 
the coalescence filter. The upper zone was cloudy and corresponds 
to the emulsion of ionic liquid, while the lower one was clear and 
corresponds to a saturated solution of ionic liquid. This result confirms 
the local formation of a second phase inside the filtration modules, 
and due to the presence of the coalescence filter, the drops are helped 
during their growing process. This behaviour was observed until a 
recovery rate around 20%. After that the emulsion was occupying the 
whole tank in both cases, but it was cloudier as when the coalescence 
filter was used. Again, a cloudier emulsion can be associated with the 
presence of bigger drops, indicating that the coalescence filter is serving 
its purpose. 

The installation of the coalescence filter had also an effect on the 
variation of the permeate flux (Figure 6). The effective coalescence 
of the drops as well as the presence of the two zones in the feed tank 
contribute to maintain the permeate flux similar than the permeate 
flux value at saturation, until a recovery rate of 20%. At this point, the 
emulsion occupies the whole tank at their effects in the permeate flux 
began to appear, but less pronounced than those observed when no 

coalescence filter is installed. Finally, for higher process recovery rates, 
the mixing effects due to low liquid level are similar for both cases.

The more effective drop size growing reduces not only the 
additional resistance to the permeating flow across the membrane, but 
also improves the retention values for the whole process (Table 3). It 
can be explained in terms of a reduced accumulation of small drops on 
the membrane surface, because they are forced to coalesce and stay at 
the feed tank before the solution is pumped again for a further filtration 
step. 

Another discussion point is related to the amount of ionic liquid 
which can be practically recovered as second phase. The mass balance, 
represented by Eq. 2, allows the determination of the amount of ionic 
liquid formed as second phase with respect to the ionic liquid original 
dissolved in feed. This recovery rate of ionic liquid is denominated 
total recovery. It exhibits values between 66% and 69% (Table 3), very 
similar to those obtained during the experiments in the dead-end 
filtration equipment (72%). 

Theoretically, once the membrane, the operational conditions and 
the extent of concentration (VP/VF) are selected, the total recovery can 

Figure 6: Decrease of the normalized permeate flux with increased recovery 
rate during the recovery of Pyr16 (CF3SO2)2N by cross-flow filtration (25°C, 
35 bar, 0.5 m/s) and using the NF-270 membrane. The effect of using a 
coalescence filter on permeate flux is shown.

Process 
recovery,
VP/VF (%)

Coalescence filter

Without With

0

10

20

30

50

Table 2: Comparison of the changes observed in the feed tank during the 
concentration process of Pyr16 (CF3SO2)2N when a coalescence filter is used. 
Experiments were carried out using a cross-flow filtration module (25°C, 35 bar, 0.5 
m/s) and the NF-270 membrane was used.
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be considered as a fixed value, and in consequence, it represents the 
maximal recovery rate possible. However, the recovery of ionic liquid 
is not complete, and a new term denominated effective recovery at 
lab scale is needed. It represents the amount of ionic liquid as second 
phase formed that is not dissolved by the rinsing water and it can be 
recovered with the retentate stream. It can be also calculated using a 
modified material balance (Eq. 3). Comparing the values of effective 
recovery at lab scale for both experiments (Table 3), it is evident that 
the use of a coalescence filter improves the recovery of ionic liquid due 
to an effective coalescence of the drops after their formation. 

In this context, considering a total recovery rate of 70% as 
acceptable, the first challenge is related to increase the effective 
recovery rate in order to reach a value as close as possible to the total 
recovery rate. Once this aim is achieved, another challenge for further 
improvement deals with increasing the total recovery rate. 

To increase the effective recovery rate, heterogeneous nucleation 
must be enhanced. The locally formed supersaturated solution should 
be forced to nucleate and grow in a large extent before to be collected 
and separated, as it was achieved by using the coalescence filter. Seeding 
with pure ionic liquid could be an option, following the same principle 
of crystallization. Furthermore, an effective second phase separation is 
required, which should not affect the actual operating concept or the 
equipment configuration. For instance, the use of a lamellar separator 
which also acts as feed tank is in agreement with both conditions and 
could be used. Finally, dead zones inside the equipment are ideal places 
for ionic liquid settling and they must be avoided by an adequate 
equipment configuration. 

In order to increase the total recovery rate, a modified batch 
process (an equal volume of fresh feed is added to the process tank to 
keep it at the same level as permeate is removed) can be also tested. 
Finally, optimization of operational conditions and the use of more 
selective membranes in order to increase both retention and permeate 
flux should be also taken into account for further developments.

Conclusions
The recovery of ionic liquids by nanofiltration could be achieved 

with wastewaters derived from two different ionic liquids applications. 
In the case of hydrophilic ionic liquids, they are recovered as an aqueous 
solution almost free of undesired compounds; while in the case of 
hydrophobic ionic liquids, they can be obtained as a second phase of 
ionic liquid. Recovery targets up to 50% can be realized with the tested 
membranes and without any wastewater pretreatment. However, for 
high recovery targets either pretreated wastewaters or membranes with 
higher retention for the ionic liquids are required. 

Considering that most of the hydrophobic ionic liquids known up 
to date are either toxic or not easily biodegradable, their recovery from 
wastewater will allow the establishment of those potential applications 
of ionic liquids which are till now threatened, once the associated risks 

of environmental damages and economical losses are successfully 
overcame. 

Despite the few studies already published about the use of 
nanofiltration for separation of ionic liquids from aqueous solutions 
only paid attention to hydrophilic ionic liquids, in this study was 
demonstrated by using synthetic solutions, that the separation of 
hydrophobic ionic liquids is both necessary and possible. 

However, despite the use of nanofiltration for such purposes exhibits 
an encouraging future, when dealing with the quest of applications for 
ionic liquids (or even for other novel and trendy chemicals) the “keep 
it simple and straightforward” principle must be always considered. 
That means that all endeavors should be focused on the development 
of processes with zero waste production, while recovery operations like 
nanofiltration should remain always as a last option.
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